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Absbad- (110) grain gmwth and magnetic pmperties in thin 
graln-oriented silicon sheets with ultimately low loss were 
Investigated A final-annealing at 11509: for 2Omin enables us 
to obtain the tbin sheet8 covered with only (110) grains and 
consequently the magnetic Induction at 800 A h ,  B. reached 
1.9 T. 
Index t e r n  - final-annealing condition, magnetic iuduc- 
tion at 800 A h ,  (110) grain gmwth, thingrain-oriented silicon 
sheets 
I. INTRODUCTION 
Thin -oriented 3% silicon steel sheets can be pre- 
pared by the three-stage rolling method composed of cold- 
rolling, intermediate-annealing and final-annealing as dis- 
played in Fig.1 [l], [Z]. In this method, surface energy is 
mainly used as a motive force of (110) gain growth 131 
instead of grain boundary energy in conventional methods 
with inhibitors [4], [5]. Although the three-stage rolling 
method is a promising way to obtain sheet with very low 
loss, an investigation of (110) grain growth during the final- 
anneal is needed to develop the process for application to 
commercial production, i.e. a decrease of final-annealing 
time @,A.time). Some experiments about the relationship 
between (110) grain growth and final annealing conditions 
have been reported in conventional grain-oriented silicon 
steel sheets 161-[8]. In these experiments, however, the 
results were affected by inhibitors in the control of final 
texture and then the mechanism of (110) gain growth in the 
conventional method can not be applied to that of the thin 
silicon sheets fabricated by the three-stage rolling method. 
In this report, we investigated the relationship between 
(110) grain growth and magnetic properties (coercive force 
Hc and the magnetic induction at 800 A/m B8) as the sheets 
were finally annealed. It became clear that (110) abnormal 
grains grew dramatically after F.A.time = 0.5 min and thin 
sheets with Bs 5 1.9 T can be obtained at F~A.time = 20 min. 
Fulther, we investigated the effect of heating mte. 
E .  EXPERIMENTAL PROCEDURE 
The procedure used a three-stage rolling method with 
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Fig.1 Diagram ofthree-stage rolling method. 
intermediate-annealing at 800 "c for 2 min to obtain 80 P 
m thick rolled sheets from hot-rolled silicon steels and 
final-annealing to obtain the (110) texture. We selected 
80 %, 60 %, and 60 % as the amounts of the three-stage 
rolling reductions considered in this report, which is one of 
the optimum conditions [9]. The 80 P m thick rolled sheets 
were cut into pieces of 100 mm in length and 5-7 mm in 
width and fmally annealed in an infrared furnace at 
1150 "c. The intermediate and f m l  annealigs were car- 
ried out in a vacuum of 1 X 10'' Pa. The recrystallized tex- 
ture of the thin sheets was observed by etch-pits. The static 
coercive force and the magnetic induction were measured 
with a dc B-H loop tracer. 
lU. RESULTS and DISCUSSION 
A. (110) Grain Growth andMagnetic Properties in Find 
Annealing Process 
Figure 2 shows the relationship between magnetic prop- 
erties and final-annealing time. As the annealing time in- 
creased, Bs increased and Hc decreased. The Hc vs. final 
annealing temperahwe curve had a sudden drop at F.A.time 
= 0.5 min. At F.A.time = 20 min, B, and Hc of thin sheets 
were approximately 1.9 T and less than 4 A/m respectively 
Figure 3 shows the dependence of iron loss on magnetic 
induction in a sample finally annealed at U50 "c for 
20min. This figure also shows the previously reported iron 
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Fig. 4 Orah growth obtained by three-stage rolling method as a function 
of final annealing time. 
loss of a sample annealed at 1150 "c for 60 min. The 
losses of the two, sheets were almost the same. The meas- 
ured iron loss W13/50 under the applied tensile strength of 
2 kp/mm2 was approximately 0.28 Wkg,  which is less than 
that of the conventional (300 ~1 m) grain-oriented silicon 
steels by about 50 %. 
The (110) grain growth of the above-mentioned sheets 
is displayed in Figs. 4 and 5. After F~A.time = 0.5 min, 
abnormal (110) grains grew dramatically and this growth 
was considered to decrease Hc. F.A.time =20 min was long 
enough in order to cover the thin sheets with oriented (110) 
prains. These results indicate that (110) grain-oriented sili- 
con thin sheets with very low loss can be obtained at 
F.A.time = 20 min. 
B. meet of Heating Rate on Magnetic Pmperties and 
{OOlJ Orientation in the Final Annealing Process 
The average a angle (the angle between the [OOl] 
axis and the rolling direction in the (110) plane) of the 
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Fig. 3 Magnetic loss of 80 II m thick graindrientsd silicon steel sheets 
obtained by three-stage rolling method an a function of maximum flux 
density 
above-mentioned sheets was approximately 4-5" [ 11, whi- 
ch is larger than the average of a, 3", reported in conven- 
tional grain-onented silicon steels [lo]. It is well accepted 
that a reduction in heating rate or usage of topological gra- 
dient of temperature is an effective way to control the grain 
diameter and to improve [OOl] orientation in conventional 
silicon steels. Thus we investigated the effect of heating 
rate on magnetic properties and [OOl] orientation of (110) 
grains. 
Figure 6 shows the dependence of heating rate on grain 
diameter. All samples were prepared under the same cool- 
ing rate of approximately 120 "clmin. The grain diameter 
slightly increased as the heating rate decreased. As display- 
ed in Fig. 7, BB and the [OOl] orientation did not depend on 
the heating rate of final annealing. As mentioned previously, 
the surface energy is mainly used as the motive force of 
(110) grains in the three-stage rolling method and therefore 
this different motive force is considered to be the reason for 
constant B,values in Fig. 7. 
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Fig. 5 Area percentage of (110) grains obtained by three-stage rolling 
method as a function affinal annealing time. 
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Fig. 6 Average grain diameter obtained by three-sbge rolling method 
as a function of healingrate of finalannealing process. 
IV. CONCLUSIONS 
Thin grain-oriented silicon steels have been fabricated 
by a three-stage rolling method and investigated for the 
(110) grain growth and magnetic properties in the final- 
annealing process. The obtained results are as follows: 
(1)A final-annealing at I150 “c for 20min enables us to 
obtain thin grain-oriented silicon sheets containing only 
(110) gmins, and consequently the magnetic induction at 
800 Nm, B,, reached 1.9 T. 
(2) Magnetic properties and [OOl] orientation do not depend 
on the heating rate of a final-anneaIing process. 
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